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Abstract 8 
A building-façade integrated concentrating photovoltaic-thermal system has been 9 
designed, constructed and experimentally characterised. Comparative performances 10 
with a non-concentration reference unit have been conducted to analyse the differential 11 
outputs. The concentrating system consists of double-side reflective strips which 12 
concentrate the incident beam towards a static photovoltaic-thermal receiver. The 13 
reflectors are placed vertically at the façade and track the sun by rotating axially. The 14 
concentrating reflector outperforms the reference one in both, thermal and electrical 15 
power. The thermal output of the concentration module almost doubles the reference 16 
one and the electrical power registered is more than 4.5 times in the case of the 17 
concentrating configuration. 18 
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1 Introduction 26 
Energy consumption in the building sector represents 40% of the total energy 27 
consumed in the European Union. The European Commission, in order to decrease 28 
energy consumption, defined (considering buildings as a priority) the directive which 29 
states the “20-20-20” objectives: greenhouse gas emissions reductions (20%), the share 30 
of renewable energy (20%) and improvements in energy efficiency (20%) [1]. In this 31 
regard, Building Integrated Solar (BIS) systems are a technology which perfectly 32 
addresses the objectives defined by the European Union. 33 
Among BIS technologies, Building-Integrated Concentrating Photovoltaic 34 
(BICPV) systems present some characteristics that could qualify them as an attractive 35 
and feasible configuration to be incorporated in buildings. The reduction of cell area 36 
which is replaced by cheaper and more environmentally friendly materials can lead to 37 
more cost-efficient systems from both, economical and environmental aspects [2]. 38 
However, it is necessary to mention that the irradiance captured by the concentrating 39 
systems is, in general, lower than for a standard PV module due to optical losses and the 40 
diffuse irradiance fraction which is not collected. The diffuse irradiance portion used 41 
changes with the concentration ratio: for low-concentration systems a high percentage 42 
of diffuse light is useful whilst for high-concentration devices only the direct irradiance 43 
converges onto the PVs. The concentrating element plays a dual function by balancing 44 
the light that passes into the interior space and the light that converges onto the PVs. 45 
Several configurations of BIPV systems can be found in the literature, either for 46 
installing at the roof or at the façade [3-12]. Most of them are designed to be static with 47 
low concentration ratios, but others increase the concentration ratio by incorporating a 48 
solar tracking system. Medium and high-concentration systems offer high reduction in 49 
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PV cells usage and therefore, the highest the concentration the best the cost-50 
effectiveness ratio. High-concentration systems use PV cells which achieve electrical 51 
efficiencies above 40% and the cell surface is minimised, which reduces the impact 52 
regarding the economical and environmental associated costs of the system [13-15]. 53 
Nevertheless, high-concentration technologies require a very accurate two-axis tracking 54 
system and movement of the whole CPV system is produced. Medium-concentration 55 
technologies (10-100 suns) present some possible advantages with respect to low- and 56 
high-concentration devices. From one side, the concentration is higher than in static 57 
artefacts and this means a reduction in cells quantity with its consequent impact on cost. 58 
From the other side, medium concentration systems allow for single-axis tracking which 59 
simplifies the mechanics and the control associated [16-19]. 60 
On the contrary, when increasing the concentration ratio the percentage which is 61 
not converted into electricity becomes much higher in absolute terms. This could cause 62 
PV overheating and thus, problems related with efficiency reduction, stress of materials, 63 
etc arise. A strategy to profit the removal heat which negatively influences system 64 
performance is to use a hybrid Photovoltaic-Thermal (PVT) receptor. PVT module 65 
controls PV temperature while simultaneously produces thermal energy. Hybrid 66 
collectors integrated onto the building could be an interesting option as both energies, 67 
thermal and electrical, could be directly used [20-24]. 68 
With respect to studies about the specific type of BICPVT systems, Chemisana 69 
et al. [25] characterised a PVT module for applications with Fresnel linear 70 
concentrators. The optimized optical concentrator referred to linear focal area, 71 
homogeneous illumination conditions and variable concentration ratios from 7x to 10x. 72 
The optical unit was based on a stationary wide angle optical concentrator which 73 
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transmitted the input radiation into a small moving focal area, which in turn was tracked 74 
by the solar absorber [25]. Xu et al. [26] developed a low-concentrating PVT integrated 75 
heat pump system with both electricity and heat outputs. Fixed truncated parabolic 76 
concentrators with geometrical concentration ratio of 2.44x were adopted [26]. 77 
Moreover, a roof-integrated concentration solar system for a self-sustainable 78 
Mediterranean villa, the Astonyshine house, was investigated [27]. The Astonishine 79 
house was designed in such a way that a great part of its electrical power and hot water 80 
needs are satisfied by Solar F-Light modules mounted on the house roof. The Solar F-81 
Light is a parabolic linear trough with single-axis tracking and 20x optical concentration 82 
factor. Li et al. [27] proposed a system with an air-gap-lens-walled compound parabolic 83 
concentrator incorporated with PVT, having a geometrical concentration ratio of 2.4x 84 
and static concentrator. 85 
Based on the previous paragraphs, it can be seen that in the literature there are 86 
few studies about BICPVT while most of these works are about low-concentration 87 
configurations. Given the fact that medium-concentration PVT systems can offer 88 
multiple advantages in the frame of BI applications, in the present work a medium-89 
concentration system for façade building-integration has been constructed and 90 
experimentally characterised. The prototype consists of a Fresnel-reflector concentrator 91 
which delivers solar irradiance onto a PVT module. The concentrator was sought to be 92 
simple from both points of view: materials employed and associated tracking. The 93 
research covers the mechanical design of the concentrator, the construction of the whole 94 
system and its experimental characterisation. Firstly, section 2 describes the optical, 95 
mechanical and generation parts to later include the experimental set-up built to perform 96 
the monitoring (section 3). In section 4, results regarding optical, electrical and thermal 97 
performances are discussed to finally present the main conclusions in section 5.  98 
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2 System description 99 
 2.1 Optical system 100 
The optical analysis of the present system is described in detail in ref. [17], 101 
where the optical design methodology is included and several configurations were 102 
theoretically analysed. 103 
The most important parameters and characteristics involved in the optical design 104 
are briefly illustrated in figures 1a and 1b. Fig. 1a shows the parameters used in system 105 
design, for a configuration of 21 reflectors. Parameter f represents the focal length, the 106 
distance of the centre of rotation of the ith reflector from the origin O is defined to be xi 107 
and the angle subtended at the centre of the receiver by the reflector and the origin is αi. 108 
The relation between them is: αi=atan(xi / f). θs is the angle of incidence of the solar 109 
radiation and the inclination of reflectors is defined as βi. Both angles are related by βi = 110 
0.5(θs - αi) and the variation of βi with respect to θs is 0.5 (∂βi / ∂θs = 0.5). This means 111 
that once the initial position of the reflectors has been established, the relative 112 
movement required to achieve sun tracking is the same for all reflectors. This permits 113 
the use of a single linear driver, representing an important mechanical advantage. The 114 
receiver remains static while sun tracking is performed by the reflectors rotating 115 
simultaneously. 116 
 117 
 118 
 119 
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Figure 1. a) Schematic showing parameters used in the mathematical model; b) shading 122 
and blocking effects. 123 
 124 
Two phenomena are crucial in terms of system efficiency: blocking and shading. 125 
The positions of the upper and lower limits of the shaded and blocked rays are 126 
illustrated in figure 1b. The rays that fall on the mirror to the left of the shading limit are 127 
shaded and those that fall to the right of the blocking limit are blocked; therefore, 128 
optical efficiency decreases. These limits have been calculated by using a ray tracing 129 
algorithm. Once the algorithm converged for a selected set of parameters, an 130 
optimisation procedure for maximising the optical efficiency and the flux uniformity on 131 
the receiver, in a range of angles of incidence [-45º, 45º], was applied to obtain the best 132 
option for each studied configuration.  133 
In the present investigation, from the optical theoretical results described in [17], 134 
the concentrating system has been constructed. It consists of 11 strips of double-side 135 
reflective material of 160 mm wide by 2000 mm long. The thickness of each reflector is 136 
4 mm. The Numerical Aperture (NA) of the system is 0.5, with an entrance pupil of 800 137 
mm by 2000 mm.  138 
 139 
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2.2 Photovoltaic-thermal module 140 
The PVT module consists of 13 series connected crystalline silicon cells 141 
optimized for concentrating systems operating in a range from 10 to 20 suns (Fig. 2). 142 
The size of each cell is 3.5 cm by 4.8 cm. The cells (NaREC®) are attached to a water 143 
active heat dissipater with a special adhesive tape with high heat-transfer conductivity 144 
that is also resistant to extreme temperatures and an excellent electrical insulator 145 
(Chomerics Thermattach T404). The hybrid absorber is enclosed in an aluminium case 146 
with U cross-section made of copper where PV cells are placed (Fig. 2); the 147 
encapsulation of the collector is finished fixing one top glass cover of 77.5 mm wide by 148 
600 mm long by 4 mm thick. From these dimensions it can be arranged the geometrical 149 
concentration ratio (ratio between the concentrator aperture area and receiver area), 150 
which takes a value of 16.67x with respect to the cell width and 10.32x with respect to 151 
the PVT module gross width. 152 
 153 
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 155 
 156 
 157 
 158 
 159 
 160 
Figure 2. PVT module fabricated before the top glass fixing and detail of the module 161 
cross-section. 162 
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2.3 Mechanical structure 163 
The 11 reflectors are fixed and placed vertically in a metallic framing structure. 164 
The inferior and superior profiles are drilled and prepared to hold the reflectors and at 165 
the same time to allow them rotating. The metallic frame constitutes the South façade of 166 
a testing-unit made of 4 cm wood white panes which was built to house all the sensors 167 
and instruments for the experimental campaign and to achieve more controlled testing 168 
conditions by minimising the wind effect, the ground temperature influence, albedo, etc.  169 
In order to transform the rotational movement required to track the sun by the 170 
mirrors into a linear one, each reflector was attached mechanically onto a steel plate 171 
designed to have one point at the rotation centre of the reflector and another located 172 
with the corresponding angle for the specific reflector strip. In this manner, all reflectors 173 
are driven with the same actuator through the connecting rods fabricated (Figure 3). 174 
 175 
176 
 177 
Figure 3. Detail of the mechanical system for tracking. Top and frontal view of the 178 
concentrating system. 179 
  180 
 9 
As explained in 2.1, the angular rotation of the reflectors is equal in all of them, 181 
and at the same time is the half than the angular movement of the Sun. To transfer this 182 
relation, a very simple reduction gear (1:2) is used (Fig. 4). The tracking control is 183 
conducted by means of 2 photo resistances and a shading plate connected to an 184 
electronic circuit which in function of the current delivered from the resistors transfers a 185 
pulse to the actuator. In figure 4, a picture of the built prototype shows the tracking and 186 
control system. On the left it can be seen the control box, the driver with a limit switch 187 
sensor. The light sensor which tracks the sun through the photo resistances can be seen 188 
on the right of the image. 189 
 190 
Figure 4. Detail of the implemented tracking system. 191 
In this configuration, reflector strips rotate with respect to their vertical axis. It 192 
keeps tracking of the solar azimuth in its daily path. Its incorporation as an architectural 193 
element could replace a constructive element such as a vertical lattice arrangement. 194 
Receivers can be placed at the façade or in any location in order to facilitate the 195 
interconnection of different facilities. 196 
 197 
 198 
 199 
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3 Experimental testing set-up 200 
The experiments were carried out at the Applied Energy Research Centre 201 
(CREA) at the University of Lleida (Spain), which is located in Lleida at latitude 202 
41.36oN and longitude 0.37oE. Figure 5 shows the experimental installation during one 203 
of the tests. In the photograph, two modules, the reference and the concentrated one, can 204 
be seen. This configuration was adopted in order to perform differential assessment, 205 
taking as reference the module without concentrator. Also it can be observed the 206 
hydraulic circuit of both modules connected to the water tank. In Figure 6, a schematic 207 
of the monitoring system is depicted. 208 
 209 
 210 
Figure 5. Experimental set-up during operation. 211 
 212 
Differential performances were monitored according to the diagram which is 213 
shown in Fig. 6. The electrical parameters were measured by using two switching relay 214 
circuits to alternate short circuit and open circuit conditions every 30s.  The short circuit 215 
currents were monitored through a Fluke i30s amperimetric clamp (accuracy ± 1 % of 216 
reading ± 2 mA) connected to a data acquisition (DAQ) system (datalogger Campbell 217 
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CR3000). Open circuit potential and relays were also collected and controlled 218 
respectively through the DAQ system. The thermal behavior of the systems was 219 
characterized by recording the inlet and outlet temperatures of the PVT modules by 220 
means of T-type thermocouples (accuracy ± 0.5ºC). In addition, a Kipp & Zonen 221 
CMP11 pyranometer (daily uncertainty < 2%) was positioned vertically at the wall at 222 
the same height than the modules. All the sensors were connected to the datalogger. The 223 
different input variables were measured every 1 s and their mean values were recorded 224 
every 5 s.  For data processing and graphical representations, 30-second averaging was 225 
performed (in agreement with the switching time of relays). 226 
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 227 
Figure 6. Schematic of the monitoring system. 228 
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3.1 Calibration of the PV modules 230 
The PVT modules were fabricated manually and for this reason, even the 231 
components were the same, a previous analysis of both modules was necessary. For this 232 
purpose, a set of IV (current-potential) curves were collected employing the IV tracer 233 
PVPM 2540C to compare module performance under the same temperature and 234 
irradiance conditions. In Figure 7, the results of their calibration are illustrated.  235 
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As it can be noticed, PV modules present a small average relative difference in 236 
short circuit current of 4.2%. Even though this difference is very small, a normalization 237 
factor is accordingly adopted for the correction of the measured values during the 238 
experiments. With regard to the open circuit conditions, the potential difference 239 
between both is slightly higher than in the case of the short circuit current, taking a 240 
relative percentage value of 7.11%. As in the case of the current, a normalization factor 241 
is adopted for the correction of this difference. 242 
In terms of the Fill Factor (FF), the average FF for the reference module is 0.79 243 
whilst for the concentrating module the value was found to be 0.76. This value was 244 
considered to be constant for the calculation of the maximum power delivered by the 245 
modules, as maximum temperature variations of the PVs during the measurements daily 246 
campaign are about 15ºC-20ºC and concentration ratio is below 6 suns. These changes 247 
would affect the fill factor in a percentage less than 1% [29]. 248 
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Figure 7. PV modules IV curves obtained under irradiances [948-952] W/m2 and 250 
temperatures [38-41] °C. 251 
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4 Results 252 
4.1 Optical efficiency 253 
The optical efficiency was calculated from the electrical parameters measured. 254 
Since the short circuit current is proportional to the solar irradiance on the cell, the 255 
optical efficiency (ηo) can be determined by dividing the short circuit current of the 256 
concentrating module by the geometrical concentration (Cg) and the short circuit current 257 
of the reference module: 258 
PVrefscg
CPVsc
o IC
I
,
,=η      (1) 259 
 260 
For a clear sky day, the optical efficiency values achieve the pattern shown in 261 
Fig. 8. 262 
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Figure 8. Daily temporal evolution of the concentrator optical efficiency. Date: 264 
26/9/2014. 265 
 266 
The mean optical efficiency achieved is 0.51. This value agrees very well with 267 
the equivalent calculated through simulation in [17], which was referred as Base System 268 
(BS) configuration. In this previous research, the authors found a daily efficiency 269 
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average value of 51.87 % for a range of angles of solar incidence from -45º to 45 (6-270 
hour time period). It should be noted that the present efficiency is calculated for a 5-271 
hour time period, which corresponds to the interval from -37.5º to 37.5º. For this 272 
narrower range of angles the simulated optical efficiency takes a value of 57.95%. The 273 
7% difference observed from the experimental value to the simulated one is attributed to 274 
two factors: (1) a few tracking mismatch caused by the pulses delivered to the driver 275 
which, as it can be observed in Figs. 8 and 9, do not follow the sun continuously; (2) 276 
90% average reflectance was considered in the simulation whilst the average reflectance 277 
of the reflector used was measured to be slightly lower (87%).  278 
 279 
4.2 Electrical and thermal performance 280 
The electrical performance of the system was characterized, as explained in 281 
section 3, by measuring the short circuit and open voltage conditions, as both are two 282 
key parameters to determine the effect of the solar concentration from the irradiance and 283 
temperature points of view. 284 
In figure 9, the short circuit current and the open circuit potential for both, the 285 
CPV and reference modules, are represented jointly with the solar irradiance. As it is 286 
mentioned in the introduction, the diffuse irradiance fraction in the case of the CPV 287 
systems is not collected as in the case of the reference system because of the 288 
concentrator effect. Anyhow, in the present study, since the concentration ratio is low 289 
and in Lleida the diffuse fraction is usually quite low (around 12%), the differential 290 
performance due to this factor is low. In the case of a higher concentration system or for 291 
a location with higher diffuse irradiance fraction, divergences could affect more the 292 
comparison conducted. 293 
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 294 
Figure 9. Irradiance, Voc and Isc profiles for the reference and the concentrating modules. 295 
Date: 26/9/2014. 296 
The short circuit current of the reference module presents exactly the same 297 
profile than the irradiance curve, as expected. However, due to the action of the 298 
reflectors, apart that the current increases proportionally with the concentrated light, the 299 
CPV module is subject to local variations because the reflectors control actuates by 300 
pulses; thereby, the solar tracking suffers small mismatches. The open circuit potential, 301 
by contrast, reflects that the CPV module operates always worse than the reference 302 
module with a 10% difference in average. This fact is predictable since the concentrated 303 
irradiance that is not converted into electricity must be evacuated as heat, and as both 304 
modules are cooled with the same flow rate (3 l/h), the temperature of the CPV module 305 
is always higher. In Figure 10, this effect is illustrated. The inlet temperature for both 306 
modules is the same as the water tank from were the pump distributed the inflows is the 307 
same. The outlet flows are connected also to the tank in a closed-loop circuit. The 308 
temperatures average relative difference between the CPV and the reference modules is 309 
11.3%. 310 
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Figure 10. Temperature profiles for the reference and concentrating modules. Date: 312 
26/9/2014 313 
 314 
For a better evaluation of the joint effect of the increase of short circuit current 315 
and the decrease of the open circuit potential because of the concentrated irradiance, the 316 
maximum power values (Pm) are presented, considering the FF to be constant. The 317 
maximum power is calculated by multiplying the short circuit current (Isc), the open 318 
circuit potential (Voc) and the fill factor (FF), as defined in the following equation (2): 319 
Pmp = IscVocFF    (2)  320 
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Figure 11. Maximum power output comparative profiles. Date: 26/9/2014. 322 
 323 
From these maximum power values (Fig. 11), in order to better evaluate the 324 
differential performance, the electrical power ratio has been calculated by giving the 325 
values presented in figure 12. The electrical power ratio evaluates how many times the 326 
CPV module delivers more electrical output than the reference one. The mean electrical 327 
power takes a value of 4.51; therefore, even the decrease in voltage, the CPV module 328 
yields 4.5 times more power. 329 
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Figure 12. Electrical power ratio profile. Date: 26/9/2014. 331 
 332 
A similar concept has been defined with respect to the thermal output, since the 333 
modules are PVT. The quotient between the thermal powers produced by the two 334 
modules presents the evolution charted in Figure 13. The average value obtained is 335 
1.90, which means that the CPV module generates almost the double heat energy than 336 
the reference one. 337 
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Figure 13. Thermal power ratio daily profile. Date: 26/9/2014. 339 
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 340 
In the next paragraphs, analogous results for a day with higher changes in the 341 
irradiance are included to show how the concentrating system responses to those 342 
variations. Figure 14 represents the daily evolution of the short circuit current and the 343 
open circuit voltage. It can be seen that both short circuit current profiles are in 344 
agreement with the solar irradiance one and the concentrator divergences caused by the 345 
control pulses are not bigger than in the case with a more uniform irradiance. This 346 
appreciation it can be noticed in Figure 15a, where the electrical power ratio is plotted 347 
and the average value is almost identical than that reported previously. In this case the 348 
average value is 4.68. 349 
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Figure 14. Irradiance, Voc and Isc profiles for the reference and the concentrating 351 
modules. Date: 20/9/2014. 352 
 353 
For the case of the thermal output (Fig. 15b), the mean thermal power ratio takes 354 
a value of 2.8, which is more than 30% higher than the one obtained for the case with 355 
uniform irradiance profile. This increase can be originated because the system responses 356 
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thermally faster in the case of the concentrated irradiance achieving in proportion higher 357 
temperatures than the reference one.  358 
 359 
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Figure 15. a) Electrical power ratio profile; b) Thermal power ratio profile. Date: 360 
20/9/2014. 361 
 362 
5 Conclusions 363 
A building façade-integrated concentrating photovoltaic-thermal system has 364 
been constructed and experimentally characterised outdoors. Every component, 365 
including concentrator, hybrid module, mechanical system and electronics, has been 366 
designed and fabricated. 367 
The concentrator behaves achieving an average optical efficiency slightly above 368 
51%, which is in agreement with the simulated results. 369 
The concentrating PVT system outperforms the conventional reference PVT 370 
module in both, electrical and thermal energy production. In the case of the electrical 371 
generation the power delivered by the CPV system is about 4.5-4.7 times higher than in 372 
the reference system. For the thermal production, the thermal power ratio takes a value 373 
raging from 1.9 to 2.8 depending on the weather conditions.   374 
 21 
The tracking system and system performance were analysed also under variable 375 
irradiance conditions to determine their sensitivity to these conditions. The tracking 376 
response was adequate as no significant decrease in the electrical power was observed 377 
due to possible tracking mismatches. 378 
From the above commented results it can be concluded that the concentrating 379 
system presented offers advantages in energy generation which qualifies it as an 380 
attractive solution for building-integrated applications. 381 
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